ABSTRACT: Visceral leishmaniasis (VL), transmitted by the sand fly, Phlebotomus argentipes, is frequently reported on the Indian subcontinent where its basic ecology is largely unknown. Our objective was to evaluate the effectiveness of sugar solution (10%), containing colored food dye (0.5%) applied to peridomestic vegetation, to mark P. argentipes and subsequently estimate horizontal movement by capturing dye-marked specimens in CDC light traps in a village in Bihar, India. From September 30 to November 27, 2016, a total of 667 captured sand flies were successfully marked using sugar baits, of which 608 were P. argentipes (~91.2%). Although the majority of P. argentipes were captured <100 m from the respective marking sites, a significantly greater proportion of females (15.7%) was captured >100 m from marking sites when compared to males (3.1%). Sand flies that ingested sugar bait were only collected from areas containing >eight vegetation types and mature banana plants. The average number of marked P. argentipes captured per trap-night (±SD) <100 m from respective marking sites was greatest in peridomestic vegetation (Males: 0.9 ± 1.97; Females: 0.63 ± 1.44), followed by areas with livestock (Males: 0.66 ± 2.75; Females: 0.24 ± 0.69), and areas with humans only (Males: 0.1 ± 0.36; Females: 0.11 ± 0.31). To our knowledge, this is the only study in Bihar in which sand flies have been marked with food dyes, and the results demonstrate the potential usefulness of food dyes in estimating short-term movement of P. argentipes. Limitations of this experiment are that the number of each trap location type, vegetation composition at marking sites, and distance of all trap sites from marking sites were not homogenous, and the total number of marked sand flies collected were relatively low. In spite of the above limitations, these data should prove useful in developing a large-scale study addressing the caveats. Results of such a study could provide important information regarding the dynamics of VL transmission and inspire managers to pursue alternative means of sand fly control on the Indian subcontinent. Journal of Vector Ecology 43: 285-292. 2018.
INTRODUCTION
Visceral leishmaniasis (VL), also known as kala-azar, is a parasitic disease transmitted by the bites of infected female phlebotomine sand flies. The disease is usually fatal if untreated, and annually there are an estimated 200,000 to 400,000 cases of VL with 20,000 to 40,000 associated deaths worldwide (Alvar et al. 2012 ). The Indian subcontinent accounts for greater than two-thirds of the reported cases (Chappuis et al. 2007) , and more than 90% of Indian cases occur in Bihar (Singh et al. 2006) . In this region, VL is caused by the parasite, Leishmania donovani, being transmitted by the vector Phlebotomus argentipes (Swaminath et al. 1942 , Dinesh et al. 2000 .
Several aspects of the ecology of P. argentipes remain largely unknown. Factors that may influence P. argentipes abundance include precipitation, ambient temperature, and soil temperature (Ghosh et al. 1999) . Female P. argentipes are found to feed opportunistically on both humans and bovines (Ghosh et al. 1990 , Basak et al. 1995 , although L. donovani is believed to be exclusively anthroponotic on the Indian subcontinent with no known animal reservoirs (Guerin et al. 2002) . While P. argentipes has historically been believed to be primarily an endophagic, endophilic species (Bern et al. 2010 , Gidwani et al. 2011 , recent field studies in Bihar suggest that it may be more arboreal and exophilic than previously believed (Poché et al. 2012 (Poché et al. , 2017 (Poché et al. , 2018 . Two of these studies focused explicitly on outdoor sand fly populations and suggested a potential correlation between outdoor sand fly abundance and the presence of female Palmyra palm trees (Borassus flabellifer) (Poché et al. 2012 (Poché et al. , 2017 and banana plants (Musa acuminate) (Poché et al. 2017 ). Other researchers have described unpublished data supporting the possible correlation between banana plants and P. argentipes numbers (Chowdhury et al. 2016) . These studies demonstrating the ability of P. argentipes to reach the canopies of palm trees vertically >18 m above the ground are divergent of the historical belief that sand flies are weak flyers relying largely on hopping (Munstermann 2004) .
Although previous studies have suggested P. argentipes to be exophilic, reach the canopies of palm trees (>18 m), and demonstrate potential plant preferences, they do not shed light on short-term horizontal movement of P. argentipes on the Indian subcontinent. This information could be beneficial to better understand the dynamics of VL-transmission. Researchers in southern France (Rioux et al. 1979 , KillickKendrick et al. 1985 tracked the movements of sand flies by capturing them using CDC light traps, marking them with fluorescent powder, releasing them, and then recapturing them. The studies suggested P. ariasi, in some instances, could fly >2 km and live up to 29 days in the wild. Doha et al. (1991) used similar mark-release-recapture methods to evaluate the movements of P. papatasi and P. langeroni in Egypt and recaptured three P. papatasi females and four P. langeroni males >1,500 m from where they were marked. Another sand fly marking method utilized by Schlein (1987) and Orshan et al. (2016) in Israel focuses on spraying local vegetation with a sugar solution containing colored food dye, to mark sand flies taking sugar meals, and then capturing them in CDC light traps. This method shows advantages over the mark-releaserecapture method in that sand fly behavior is not disrupted by capturing prior to marking. These researchers were able to capture marked P. papatasi >1.5 km from corresponding marking sites in certain instances. These movement studies are ecologically important, and considering the belief that sand flies preferentially hop, have raised questions regarding phlebotomine sand fly field ecology. Although the previously discussed palm tree studies conducted in Bihar suggest P. argentipes to be competent fliers, information regarding P. argentipes horizontal movement is sparse. To our knowledge, no sand fly marking experiments have been conducted with P. argentipes in Bihar, India. Such a study could provide useful insights into P. argentipes ecology and the dynamics of VL transmission in the most VL-endemic region in the world.
The objective of the following study was to attempt to mark sand flies, in a village in Bihar, India, using a solution containing sugar (10%) and colored food dye (0.5%), and recapture them using United States Centers for Disease Control and Prevention (CDC) light traps, and evaluate the usefulness of this procedure in estimating 1) short-term movement by recording the distance of the captured specimens from the respective marking site where a sugar meal was obtained, 2) potential correlations between the acquisition of a sugar meal and vegetation diversity, and 3) potential correlations between sugar meal acquisition and presence of humans or livestock. The results of this small-scale preliminary study should determine the relative usefulness of this mark-andcapture procedure and provide information that would help in developing an experimental design for a large-scale trial.
MATERIALS AND METHODS

Study area
The study was conducted from September 29 to November 27, 2016 in a single VL-endemic village (Matmanjhouli) located in the Muzaffarpur district of Bihar, India, ~60 km north of Patna city (26.121736° N, 85.373700° E). The socioeconomic status of the village is low with structures consisting primarily of thatch, mud, and/or brick houses, bovine enclosures, and shared dwellings (dwellings shared by humans and livestock). Livestock ownership is common with bovines (Bos indicus, Bos taurus, Bubalus bubalus) and goats (Capra aegagrus hircus) being prevalent. Peridomestic vegetation is abundant within and around the village and includes agricultural crops and fruit-producing plants. Sand flies have been previously collected from this village with relative abundance indicated to be markedly high during peak seasons.
Sugar bait application
To study short-term movement of phlebotomine sand flies, a method of sugar bait marking described by Schlein (1987) 2, 5, 13, 15, 17, 19, 21, 24, 27, 31; November 3, 7, 10, 14, 17, 21, 24) because dye dried within 24 h and previous literature indicated dyes to be visible in sand flies for <six days (Schlein 1987) . Additionally, we did not bait the spray areas with carbon dioxide (CO 2 ), as was done in previous studies, because dry ice was not obtainable within the Bihar state. The location of each marking site was recorded using a handheld GPS. All study activities were performed with the consent of village residents and property owners.
Sand fly CDC light trap collection
Fifteen CDC light traps were set in different locations (human dwellings, bovine enclosures, human-livestock shared dwellings, and vegetation), at various distances from the marking sites ( Figure 1 ). The distance of each CDC light trap from each marking site was recorded. Traps were set at 18:00 and collected ~06:00 the following morning. Five of the CDC traps were positioned at houses, two were bovine enclosures, three at dwellings shared by humans and bovines, one at a dwelling shared by humans and a goat, and four were placed outdoors in peridomestic village vegetation. Sand fly trap catches were frozen at -20º C until further processing. For Traps 1-10, sample collection took place daily from September 30 to November 27, 2016 (excluding October 11-12). Traps 11-15 were set biweekly (October 16, 20 and November 3, 17) as part of a large-scale bionomics study which was being performed during the same period (Poché et al. 2018) . The location of each CDC light trap was recorded using a handheld GPS (Garmin Etrex 30, Olathe, KS, U.S.A.).
Marked sand fly counts and identification
Sand flies collected in CDC light traps were counted and specimens that ingested the sugar baits were retained for further analysis. Marked sand flies were identified by species and sexed. The Kandan Ilango identification keys for sand flies were used to identify the specimens morphologically (Ilango 1995, doctoral dissertation, London School of Hygiene and Tropical Medicine). Female sand flies were dissected to further confirm the species.
Data analyses
P. argentipes is the only known vector for VL in Bihar, and therefore other sand fly species were excluded from data analyses. When marked P. argentipes were captured in CDC light traps, we defined "movement" as the distance (m) between the CDC light trap in which a marked sand fly was captured and the respective marking site (color). Movement was further categorized as 0-100 m, 101-200 m, 201-300 m, and >300 m. Additionally, we compared the number of sand flies found to have fed at each marking site (color) and examined the number of plant species found at each site. We calculated the average number of marked P. argentipes collected per trap by location types (dwelling with humans only, dwelling with livestock, and peridomestic vegetation) to estimate the probable location type (house, shared dwelling, etc.) immigrated to after obtaining a sugar meal. Differences in sand fly abundance, relative to distances from marking sites, as well as differences in marked sand fly abundance (blue, red, orange, yellow), were estimated using a nonparametric Wilcoxon Rank Sum test (p=0.05). Differences in sand fly abundance were estimated between: distance from marking sites and sand fly sex, distance from marking sites and sand fly color, trap location type and sex, and trap location type and sand fly color, using a Pearson's chi square test, followed by Fisher's exact test (p=0.05).
RESULTS
Marked sand fly counts and identification
From September 30 to November 27, 2016, a total of 10,249 sand flies was captured over 556 trap-nights using CDC light traps, with 667 found to have ingested sugar baits (6.5%). Approximately 91% (n=608) of the specimens were P. argentipes, of which 63.3% were male and 36.7% female (Table 2) . Sand flies that ingested blue, red, and orange sugar baits were captured (Table 2, Figure 2) . No yellow sand flies were collected. Of all marked sand flies collected, >76% were captured within 36 h of the most recent spray event and >93% were captured within 60 h. 
Data analyses
Marked P. argentipes were typically caught in traps relatively close to the respective marking sites. In total, 561 (mean: 0.83 SD + 2.65) marked P. argentipes (92.3%) were captured in CDC light traps <100 m from respective marking sites (Table 3 ) and the numbers decreased significantly at distances >100 m (Wilcoxon p<0.0001). The maximum distance P. argentipes were captured from marking sites came from a single female having ingested blue dye (309 m). The minimal distance P. argentipes were captured from marking sites were from two males and three females that ingested orange dye (9 m). Although the majority of female P. argentipes were captured <100 m from the respective marking sites (Wilcoxon: p<0.0001), they displayed a much higher tendency, than did males, to be captured >100 m from marking sites. In total, 15.7% of females were captured >100 m from the marking sites as opposed to 3.1% of males, a difference that was nearly significant at 95% confidence and significant at 90% confidence (Wilcoxon: p=0.0526). The distances of captured females relative to respective marking sites were determined to be significantly greater than that of males when performing the Pearson's test (X 2 p<0.0001). Distances of dye-marked sand flies, relative to respective marking sites, were significantly different (X 2 p<0.0001), with the proportion of orange sand flies recorded at distances >100 m from the orange marking site (39.4%) far exceeding that of blue and red sand flies recorded >100 m from the blue (1.7%) and red (10.6%) marking sites, respectively.
Sand flies took sugar meals exclusively from marking sites which had a greater diversity of vegetation. Marking sites contained between three to ten types of predominant vegetation (Table 1 ). Approximately 52.1, 41.3, and 6.6% of the marked P. argentipes had ingested blue, red, and orange dye, respectively (Table 2) , with none having ingested yellow being collected. The blue, red, orange, and yellow marking sites contained seven, ten, eight, and three species of vegetation, respectively. Additionally, mature banana plants (Musa acuminate) were only present at the blue, red, and orange marking sites. Sand flies that ingested sugar bait were only collected from areas containing >eight vegetation types (Tables 1 and 2 ). The numbers of blue, red, and orange sand flies were significantly different (Wilcoxon: p<0.0001) among all groups and were significantly different when performing multiple comparisons within all groups, except for when comparing blue and red marked sand flies (Wilcoxon: p=0.066). Individual marked sand flies were more frequently captured outdoors in vegetation or in areas were livestock were present (Table 3 ). The average number of marked P. argentipes captured per trap-night (+SD) 0-100 m from marking sites was greatest in peridomestic vegetation (males: 0.9 + 1.97; females: 0.63 + 1.44), followed by areas with livestock present (males: 0.66 + 2.75; females: 0.24 + 0 .69) and areas with humans only (males: 0.1 + 0.36; females: 0.11 + 0.31). Differences between male and female P. argentipes numbers in relation to trap location type were significant (X 2 : p=0.0001), with more male sand flies being collected from livestock dwellings and peridomestic vegetation, while more females were collected from human dwellings. Differences in trap location type in relation to the marking site at which sand flies fed were also significant (X 2 : p=0.0001), with the highest proportions of blue, red, and orange sand flies being captured in vegetation (50.3%), livestock locations (82.9%), and vegetation (45.5%), respectively.
DISCUSSION
The results of this intial study suggest that a markand-capture method, utilizing a sugar solution containing a colored food dye, can provide an effective means of marking P. argentipes and subsequently estimating its short term movement, vegetation preference, and spatial distribution following a sugar meal in villages in Bihar, India. The resulting data provide insights into how to design a large-scale field trial evaluating the movement of P. argentipes. The number of marked sand flies collected was minimal when compared to that of previous researchers (Orshan et al. 2016) , and future studies may require a larger sample size in order to perform more advanced data analyses. These lower sand fly numbers likely occured for a number of reasons. First, in this study traps and marking sites were baited with dry ice, which we were not able to acquire within the state of Bihar and therefore had to rely exclusively on LED light. While this may have limited sugar meal acquisition rates and capture rates, a benefit of avoiding use of CO 2 was that the behavior displayed by P. argentipes was likely more natural than it would be in the presence of a more enticing attractant. Additionally, sample collection was conducted during autumn when the vector population naturally begins to decline (Poché et al. 2018) . Future studies should be conducted earlier in the sand fly season and consider the possible use of CO 2 attractant, if available, to better maximize sample collection.
Our results suggest that P. argentipes within this foci may not need to fly extensive distances to obtain blood meals and/ or sugar meals and therefore, typically do not do so. However, the fact that females were recorded >200 m from marking sites on multiple occasions would support previous studies where P. argentipes were collected from the canopies of palm trees, which indicate P. argentipes to be a more capable flier than previously suggested (Munstermann 2004) . Vegetation in India is highly abundant and in close proximity to human and bovine dwellings, unlike the previously described studies performed in Israel (Schlein 1987 , Orshan et al. 2016 , southern France (Rioux et al. 1979 , Killick-Kendrick et al. 1985 and Egypt (Doha et al. 1991) . Villages contain nutrientrich plants, organic material, and blood meal sources (humans and/or livestock) all within areas ~<50 m, limiting the need for extensive flight. However, it is likely that the majority of movement by P. argentipes during this experiment was only short-term (12-60 h) and it is possible that movement could increase over time. Although movement was limited when compared with previous findings involving P. ariasi and P. papatasi, female P. argentipes were often captured at greater distances than males, which has been observed previously among P. ariasi (Killick-Kendrick et al. 1985) and P. papatasi (Doha et al. 1991 , Orhsan et al. 2016 . Given the need for females to locate blood meals and oviposition sites, in addition to sugar meals, the incentive to immigrate further distances appears to be greater for female P. argentipes relative to males. We should note that we have avoided use of the term "dispersal" throughout this work. Within an ecological context, "dispersal" refers to movement away from a place of birth, hatching, or seed production into a new habitat to survive and reproduce. We cannot say with certainty that the areas where P. argentipes took sugar meals were the areas where they emerged from pupation. Therefore, we substitute the term "horizontal movement. "
The results also suggest P. argentipes may regularly take sugar meals from areas containing a greater diversity of plant species. Results of a recent study by Poché et al. (2017) suggested that P. argentipes had a preference for banana plants over other vegetation types, perhaps due to the sugar-rich sap (Pothavorn et al. 2010) . We should note that the three marking sites from which marked sand flies took sugar meals all contained mature banana plants, while the yellow marking site lacked banana plants and had lesser plant diversity. However, this is a caveat given the fact that we were unable to acquire lab data prior to field application and cannot say with absolute certainty that the yellow color would have been visible had they taken sugar meals. While studies involving P. sergenti and P. papatasi have suggested yellow to be distinguishable in P. sergenti and P. papatasi (Orshan et al. 2016) , and mosquitoes were bright yellow after ingesting it during the current study, we will proceed with caution and not draw too many conclusions regarding these data. In future studies, laboratory testing should be conducted to confirm dye effectivenes and longevity in P. argentipes prior to large-scale field application.
The study results further suggest that marked P. argentipes numbers were positively correlated with the presence of livestock. P. argentipes were noticeably sparse in human dwellings where no livestock were present. Previous studies have suggested that nearly all sand fly blood meals are acquired from human, cattle, and domestic buffalo , Poché et al. 2018 ) and a recent publication indicated that P. argentipes abundance is heavily correlated with cattle dwellings (Poché et al. 2018) . It should also be noted that short-term movement was most extensive among marked females collected in areas with livestock present, with nine females moving >200 m with the maximum distance of one female being 309 m. All dwellings with livestock contained bovines with the exception of one house which had a resident goat (Trap Site 1). P. argentipes abundance was markedly high at the latter location with 129 total marked specimens being collected (~21.2%). Goats are not shown to be a preferred blood meal source of P. argentipes but have been suggested to be a significant risk factor for VL in Nepal (Bhattarai et al. 2010) . Sand fly abundance was also markedly high in the vegetation adjacent to the aforementioned shared dwelling (Trap Site 3). The fact that both trap sites were within 50 m of a marking site (blue) and both traps sites had noticeably high sand fly abundance, suggesting them to be possible preferrential habitat, would help explain why movement of >100 m among blue marked P. argentipes was limited relative to red and orange marked sand flies. The possible relationship between sand fly abundance and the presence of livestock (blood meals, sugar meals, oviposition sites, etc.) should be further investigated.
The presence of plant and blood meal sources within the village microhabitat appears to limit the necessity for significant P. argentipes movement. This suggests that control at the village level can be obtained, in that extensive P. argentipes movement is likely not commonplace. The primary method of sand fly control performed on the Indian subcontinent is indoor residual spraying (IRS), largely because of the belief that P. argentipes is endophilic and endophagic (Gidwani et al. 2011) . However the presence of outdoor P. argentipes populations and tendency of villagers to sleep outdoors during peak periods of sand fly abundance (Picado et al. 2012 , Perry et al. 2013 , arboreal sand fly populations are likely not effected by IRS, suggesting that the practice should be supplemented with another form of control.
The results of our study indicate that P. argentipes will feed on sugar solutions containing colored dyes, which would suggest that attractive toxic sugar baits, which have been previously evaluated for use against P. papatasi and P. sergenti (Schlein 1987) , could provide a supplemental form of P. argentipes control. Given the potential risk to nontarget arthropods, "blanket spraying" of vegetation would not be ideal. The possible association between P. argentipes abundance and banana plants suggested during the current study and previous studies (Chowdury et al. 2016 , Poché et al. 2017 ), indicate they might be a plant species to be directly targeted. The association between P. argentipes and livestock blood meals suggest administering systemic insecticides to village livestock could be another option. Studies performed in the laboratory have shown the insecticide fipronil, orally administered to rats (Ingenloff et al. 2013) , hamsters (Mascari et al. 2013 ) and cattle , to be effective in controlling adult and larval sand flies for several weeks. Recently, a vector-based simulation model produced by Poché et al. (2016) suggested that fipronil, orally administered to cattle under field conditions, applied three to six times per year could reduce vector populations by >90% during periods when villagers would be most at risk of exposure depending on the timing of treatment applications.
While trap location types, vegetation composition, and distance of traps from marking sites all appeared to influence sand fly abundance, we should note that the numbers of each trap location type selected (house, shared dwelling, vegetation) and their respective distances from the marking sites were not homogenous in this study and were a biproduct of the positioning and availability of trapping locations within the village. To better aid in estimating habitat preference and horizontal flight distance, an equal number of trap location types all positioned at approximately the same distance from marking sites would be ideal during future experiments. We should also note that sticky traps, an additional method of P. argentipes sampling (Kaul et al 1994) , were not evaluated during this study, and questions may arise regarding the attractiveness of LED lights. However, prior researchers have suggested attractiveness of light traps to phlebotomine sand flies to be limited (~2 m) (Killick-Kendrick et al. 1985) , and density of the vegetation within the current study village, coupled with the placement of several traps within dwellings, likely reduced attraction. As previously mentioned, several prior researchers have used CDC light traps (Rioux et al. 1979 , Killick-Kendrick et al. 1985 , Doha et al. 1991 and traps with stronger attractants such as CO 2 (Orshan et al. 2016 ) to collect Phlebotomus spp. sand flies during movement studies. While sticky traps would be ideal for limiting potential bias, the fact that only 667 marked sand flies were collected in CDC light traps over 556 trap-nights suggests that sticky papers would have not yielded sufficient sand fly captures, given sticky traps are often inadequate in areas of high relative humidity (Alten et al. 2015) such as northern India. Also worth noting is the fact that all vegetation types within each marking site were sprayed with the same unique color for each of four marking sites (blue, red, orange, yellow), which makes it difficult to determine which individual plant species may have been fed upon by P. argentipes. Future researchers might consider dying each individual plant species, suspected to be fed upon by P. argentipes, within a single site, with a unique colored dye to better estimate the attractiveness of certain vegetation types. Finally, given that prior research already suggests P. argentipes are abundant within the canopies of Palmyra palm trees (Poché et al. 2012 (Poché et al. , 2017 , it would be valuable to use data collected during this study to design an experiment with the aim of co-investigating horizontal and vertical movements of P. argentipes within Bihari villages. If a study could be carefully designed, it is possible that P. argentipes movement ~1-20 m vertically above the ground and >200 m horizontally could be evaluated simultaneously.
The results of this study demonstrate the usefulness of colored food dyes in marking P. argentipes and potentially estimating short-term movement, sugar meal preferences, and typical areas they move to following sugar meals. The findings further indicate that further study is warranted, the results of which could provide important information regarding the dynamics of VL transmission and inform managers to pursue alternative means of sand fly control on the Indian subcontinent.
